Systemic lupus erythematosus (SLE) is an autoimmune disease that is characterised by a dysregulation of the immune system, which causes inflammation responses, excessive oxidative stress and a reduction in the number of cluster of differentiation (CD)4+CD25+forkhead box P3 (FoxP3)+ T cells. Supplementation with certain Lactobacillus strains has been suggested to be beneficial in the comprehensive treatment of SLE. However, little is known about the effect and mechanism of certain Lactobacillus strains on SLE. To investigate the effects of Lactobacillus on SLE, NZB/W F1 mice were orally gavaged with Lactobacillus paracasei GMNL-32 (GMNL-32), Lactobacillus reuteri GMNL-89 (GMNL-89) and L. reuteri GMNL-263 (GMNL-263). Supplementation with GMNL-32, GMNL-89 and GMNL-263 significantly increased antioxidant activity, reduced IL-6 and TNF-α levels and significantly decreased the toll-like receptors/myeloid differentiation primary response gene 88 signalling in NZB/W F1 mice. Notably, supplementation with GMNL-263, but not GMNL-32 and GMNL-89, in NZB/W F1 mice significantly increased the differentiation of CD4+CD25+FoxP3+ T cells. These findings reveal beneficial effects of GMNL-32, GMNL-89 and GMNL-263 on NZB/W F1 mice and suggest that these specific Lactobacillus strains can be used as part of a comprehensive treatment of SLE patients.
Various studies have shown that elevated oxidative stress and decreased antioxidant activities are critical in the pathogenesis of systemic lupus erythematosus (SLE) (1) (2) (3) . Excessive oxidative stress damages lipids, proteins and DNA (4, 5) , and elicits autoantibodies in SLE patients, such as antibodies against oxidatively modified DNA and LDL (6, 7) . Cytokines are also known to play direct roles in the disease pathogenesis of SLE (8) . SLE is characterised by a dysregulation of the immune system, which causes inflammation in multiple organs with diverse clinical manifestations (9) . Levels of IL-6 and TNF-α in serum are elevated in both lupus animal models and SLE patients. Studies of multiple animal SLE models have identified the critical role of the IL-6 pathway in SLE (10) (11) (12) (13) . Indeed, evidence has correlated serum IL-6 level with disease activity or anti-double stranded DNA levels in SLE patients (14) . Similar to IL-6 expression, TNF-α expression is also increased in lupus-prone animal models and SLE patients. Elevated TNF-α level has been correlated with disease activity in both lupus-prone animal models and SLE patients (15) (16) (17) (18) .
Our understanding of the beneficial roles of certain probiotics in sustaining human health has increased substantially in recent years (19) (20) (21) . Increasing scientific literature has indicated that supplementation with certain probiotics is a beneficial part of a comprehensive treatment of inflammatory disease. These specific probiotic strains or their components bind toll-like receptors (TLR) or Nod-like receptors to modulate directly the activity of various inflammatory signalling pathways (22, 23) . These effects have been demonstrated in both animal models and clinical studies (24, 25) . Particular probiotics also participate in the differentiation and functions of immune cells that are associated with an inflammatory response, including dendritic cells and T cells (22, 23) . Notably, recent studies have found that certain Lactobacillus strains promote the production of anti-inflammatory cytokines such as IL-10 and transforming growth factor-β, to treat autoimmune diseases such as SLE (19, 26, 27) . The Lactobacillus genus is a major part of the lactic acid bacteria group, and over 170 species of Lactobacillus genus have been reported (28) Although some species of Lactobacillus genus exist in normal human gastrointestinal and vaginal flora, they can also be occasional pathogens in humans (29) . Indeed, we also identified the beneficial effects of Lactobacillus reuteri GMNL-263 (GMNL-263) in sustaining heart function and attenuating hepatic and cardiac fibrosis in animal models (30, 31) . Recently, evidence has shown an imbalance of gastrointestinal microflora in the pathogenesis of SLE (32) . Supplementation with certain Lactobacillus strains has been suggested to be a beneficial part of comprehensive treatments of autoimmune diseases such as SLE (19, 26, 27) . Notably, our recent study also reported the beneficial effects of Lactobacillus paracasei GMNL-32 (GMNL-32) and L. reuteri GMNL-89 (GMNL-89) and L. reuteri GMNL-263 on hepatic inflammation and apoptosis in NZB/W F1 mice (33) . To clarify further the beneficial effects of GMNL-32, GMNL-89 and GMNL-263 on SLE, NZB/W F1 mice were administered GMNL-32, GMNL-89 or GMNL-263, and the antioxidant activities, expressions of TLR, proinflammatory cytokines and CD4+CD25+forkhead box P3 (FoxP3)+ T cells were analysed.
Methods

Preparation of Lactobacillus strains
GMNL-32, GMNL-89 and GMNL-263 were obtained from GenMont Biotech, Inc., and the doses of these Lactobacillus strains (10 9 colony-forming units (CFU)/mouse per d) that were used in this study were based on our previous publications (30, 31, 33, 34) . The catalogue numbers at the Bioresource Collection and Research Center (BCRC) in Taiwan are 'BCRC 910220', 'BCRC 910340' and 'BCRC 910452', respectively. Powders of three Lactobacillus strains were prepared in PBS for use in the oral gavage treatment of mice.
Animal and treatments
This study was approved by the Institutional Animal Care and Use Committee at Chung Shan Medical University (approval no. 84). A total of thirty-two female NZB/W F1 mice aged 6 weeks were purchased from Jackson Laboratory. All animals were kept in a 12 h light-12 h dark cycle and ambient temperature was maintained at 25°C. Animals had free access to water and standard laboratory chow (LabDiet 5001; PMI Nutrition International Inc.). Animal welfare was maintained and experimental procedures were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. At an age of 8 weeks, animals were randomly divided into four groups (each of eight mice) -control, GMNL-32, GMNL-89 and GMNL-263 groups -which are treated with PBS, 10 9 CFU/mouse per d of GMNL-32, GMNL-89 and GMNL-263, respectively, by oral gavage. The experimental period was 12 weeks long and the mice were killed by asphyxiation using CO 2 at an age of 20 weeks. Heart blood and liver tissues were collected and stored at −80°C until analysis.
ELISA
The levels of TNF-α and IL-6 were detected with TNF-α and IL-6 ELISA kits (Thermo Fisher Scientific) according to the manufacturer's instructions.
Serum glutathione levels
Serum glutathione levels were measured as described elsewhere (35) . Concentrations of reduced glutathione GSH were measured using a GSH assay kit (Chemicon Inc.) according to the manufacturer's instructions.
1,1-Diphenyl-2-picryl-hydrazyl assay
The radical scavenging activity of 1,1-diphenyl-2-picryl-hydrazyl (DPPH) was measured as described in our previous work (35) . In brief, a solution of 180 µl of 0·1 mM DPPH solution in ethanol was gently mixed with 20 µl of serum sample in ethanol. The DPPH absorption was measured at 517 nm using a ninety-six-well fluorometric plate reader and the DPPH radical scavenging activity was expressed as percentage inhibition relative to ethanol.
Thiobarbituric acid reductase assay
Lipid peroxidation was measured using a thiobarbituric acid reductase (TBAR) assay, as described elsewhere (35) . In brief, to make a 10 % homogenate, 200 mg of serum was added to 2 ml of 1·15 % KCl and mixed using a homogeniser (Knotes Glass). A 3-ml volume of 1 % phosphoric acid and 1 ml of 0·6 % TBA solution were added to 0·5 ml of 10 % homogenate. The mixture was left in a boiling water bath for 45 min. After cooling, 4 ml of n-butanol was added and the mixture was mixed vigorously. The butanol phase was separated by centrifugation at 500 g, and absorbance was measured spectrophotometrically at 535 nm. The difference was used as the TBAR value, which was calculated in nmol/g of homogenate.
Preparation of tissue extract
All procedures were performed at 4°C in a cold room. The liver samples obtained from NZB/W F1 mice were homogenised in 600 µl of PRO-PREP™ solution (iNtRON Biotech) by thirty strokes using a Dounce Homogenizer (Knotes Glass). The homogenates were centrifuged at 13 000 rpm for 10 min at 4°C and the supernatant was then stored at −80°C until use.
Immunoblotting
Liver samples were separated in 10 % or 12·5 % SDS-PAGE and electrophoretically transferred to nitrocellulose membrane (Amersham Biosciences) described elsewhere (35) . After blocking with 5 % non-fat dry milk in PBS, antibodies against TLR-4, 5, 7 and 9, myeloid differentiation primary response gene 88 (MyD88), phosphorylated (p)-phosphoinositide 3-kinase (PI3K), PI3K, p-protein kinase B (AKT) and AKT (Santa Cruz Biotechnology) and β-actin (EMD Millipore) were diluted in PBS with 2·5 % bovine serum albumin (BSA) and incubated for 1·5 h with gentle agitation at room temperature. The membranes were washed twice with PBS-Tween for 1 h and secondary antibody conjugated with horseradish peroxidase (HRP) (Santa Cruz Biotechnology) was added. Immobilon Western HRP Chemiluminescent Substrate (EMD Millipore) was then used to detect the antigen-antibody complexes. The blots were scanned and semiquantified by densitometry (Alpha-Imager 2200; ProteinSimple).
Detection of T-cell subpopulations
Mice were killed at the age of 20 weeks and their spleens were harvested and placed in cold RPMI-1640 medium that was supplemented with 10 % fetal bovine serum (Invitrogen), 10 mg/ml gentamycin, 2 mM L-glutamine and 0·1 mM 2-mercaptoethanol. Erythrocytes were lysed in BD FACS™ lysing solution (BD Biosciences) on ice, according to the manufacturer's instructions. Splenocytes were stained with optimal concentrations of fluorochrome-conjugated mAbs (10 6 cells in 200 μl of PBS, 1 % BSA and 0·1 % sodium azide) and fixed with 1 % paraformaldehyde. Monoclonal antibodies against cluster of differentiation (CD) 3 conjugated with fluorescein isothiocyanate (FITC), CD4 conjugated with FITC or R-phycoerythrin (PE), CD8 conjugated with FITC and CD25 conjugated with PE were used to analyse T-cell markers (BD Pharmingen). To purify CD4+CD25+ regulatory T cells, a CD4 +CD25+ regulatory T-Cell Isolation Kit was used according to the manufacturer's instructions (Miltenyi Biotec). Samples were analysed using a FACSCalibur instrument (Becton Dickinson) and stored at −80°C for immunoblotting assay.
Detection of forkhead box P3 mRNA
The mRNA expression of FoxP3 was measured as described elsewhere (35) . Total cellular mRNA was extracted from 1 × 10 6 isolated CD4+CD25+ splenic cells using Dynabeads mRNA DIRECT TM (Invitrogen) and reverse transcription was performed using SuperScript TM II RT (Invitrogen). Gene expression was quantified using real-time PCR with Assays-on-Demand TM gene expression products (FoxP3, hypoxanthine phosphoribosyltransferase (HPRT)) and the ABI/PRISM 7700 sequence detection system (Applied Biosystems Inc.). Experiments were performed and repeated three times. The relative expression of FoxP3 was obtained by dividing the FoxP3 gene by the HPRT expression.
Statistical analysis
Sample size was calculated using free sample size calculating software G*Power version 3.1.9.2 (Franz, Universitat Kiel). With a power of 80 %, 0·05 level of statistical significance and effect size of 0·8, the sample size for each test was calculated to be 8. A total of thirty-two mice were randomly assigned into one of the four experimental groups. All values are expressed as means and standard deviations. The comparisons in GSH, DPPH and malondialdehyde (MDA) assay, IL-6 and TNF-α levels and immunoblot among groups were performed using GraphPad Prism 5 software (GraphPad Software, Inc.) by one-way ANOVA followed by Tukey's multiple comparisons test. P < 0·05 was considered to indicate a statistically significant difference. The significant differences were stressed with symbols as shown in figures.
Results
Supplementation with Lactobacillus paracasei GMNL-32, Lactobacillus reuteri GMNL-89 and Lactobacillus reuteri GMNL-263 increases antioxidant activity and reduces IL-6 and TNF-α levels in NZB/W F1 mice
To investigate the effects of GMNL-32, GMNL-89 and GMNL-263 on antioxidant activities, the levels of GSH, DPPH and MDA in both serum and liver samples from NZB/W F1 mice were measured. Significantly higher serum and liver GSH and DPPH levels were detected in NZB/W F1 mice that had been treated with GMNL-32, GMNL-89 or GMNL-263, respectively, compared with mice that had been given a vehicle (control) ( Fig. 1(a) and (b) ). Significantly lower serum and liver MDA levels were found in NZB/W F1 mice that had been treated with GMNL-32, GMNL-89 or GMNL-263 compared with mice that had been given a vehicle (control) (Fig. 1(c) ). Significantly lower serum IL-6 and TNF-α levels were detected in NZB/W F1 mice that had been treated with GMNL-32, GMNL-89 or GMNL-263 compared with mice that had been given a vehicle (control) (Fig. 2) . To investigate the possible pathway by which Lactobacillus reduces IL-6 and TNF-α levels in NZB/W F1 mice, TLR-4, TLR-5, TLR-7, TLR-9, MyD88, p-PI3K and p-AKT proteins were detected by immunoblotting. Significantly lower TLR-4, TLR-5, TLR-7 and TLR-9 expressions were detected in the livers of NZB/W F1 mice that had been treated with GMNL-32, GMNL-89 or GMNL-263 compared with mice that had been given a vehicle (control) (Fig. 3(a) ). Fig. 3(b) -(e) present TLR-4, TLR-5, TLR-7 and TLR-9 levels relative to the β-actin level, respectively. The level of MyD88, a downstream molecule of TLR-4, TLR-5, TLR-7 and TLR-9, was significantly lower in the livers of NZB/W F1 mice that had been treated with GMNL-32, GMNL-89 or GMNL-263 than in the livers of mice that had been given a vehicle (control) (Fig. 4(a) ). Fig. 4(a) presents MyD88 level relative to β-actin level. Moreover, levels of p-PI3K and p-AKT, the downstream molecules of MyD88, were significantly lower in the livers of NZB/W F1 mice that had been treated with GMNL-32, GMNL-89 or GMNL-263 than in the livers of mice that had been given a vehicle (control) (Fig. 4(b) ). Fig. 4(b) presents p-PI3K level relative to PI3K level and p-AKT level relative to AKT level.
Supplementation with Lactobacillus reuteri GMNL-263 increases the expression of CD4+CD25+ regulatory T cell in NZB/W F1 mice
To investigate further the immunoregulatory effects of GMNL-32, GMNL-89 and GMNL-263, especially on the proliferation of regulatory T cells, the expression of CD4+CD25+ regulatory T cells was detected between NZB/W F1 mice that were treated with GMNL-32 or GMNL-89 and those that had been given the vehicle (control) (Fig. 5(a) ). Notably, significantly more splenic CD4+CD25+ T cells were detected in NZB/W F1 mice that had been treated with GMNL-263 than in those that had been given the vehicle (control) (Fig. 5(a) ). The mean percentages of splenic CD4+CD25+ T cells for NZB/W F1 mice that had been given the vehicle (control), GMNL-32, GMNL-89 and GMNL-263 were 1·99 (SD 0·77), 1·88 (SD 0·85), 1·94 (SD 0·68) and 2·63 (SD 0·95) %, respectively. The number of CD4+CD25+ T cells as a percentage of splenic CD4+ T cells in NZB/W F1 mice that had been treated with GMNL-263 was significantly higher than that in mice that had been given the vehicle (control) (Fig. 5(b) ). A significantly higher mRNA level of Foxp3 was also detected in CD4+CD25+ T cells from NZB/W F1 mice that had been treated with GMNL-263 than in mice that had been given the vehicle (control) (Fig. 5(c) ). 
Discussion
Accumulating evidence reveals that probiotics have beneficial effects on human health and are effective therapeutic additions under clinical conditions (36) . Notably, certain Lactobacillus strains have been suggested to be beneficial in the treatment of various autoimmune disorders such as immune thyroid diseases and rheumatoid arthritis (37, 38) . However, available information on the effects of probiotic bacteria in SLE is limited. The present study, for the first time, reports that supplementary GMNL-32, GMNL-89 and GMNL-263 significantly increase serum antioxidant activity in NZB/W F1 mice, reduce proinflammatory cytokine levels and weaken TLR/MyD88 signalling. Interestingly, NZB/W F1 mice that are treated with GMNL-263 exhibit significantly increased CD4+CD25+FoxP3+ T-cell expression. These findings suggest the potential of GMNL-32, GMNL-89 and GMNL-263 for use in comprehensive remedies for SLE patients.
Excessive oxidative stress and reduced antioxidant activities are commonly identified in both lupus-prone animals and patients with SLE (35, 39, 40) . The uncontrolled oxidative stress in SLE contributes to functional oxidative modifications of cellular protein, lipid and DNA, and oxidative modification has crucial consequences for immunomodulation and triggers autoimmunity (7, 41) . Previous studies have demonstrated that excess oxidative stress causes 8-oxodeoxyguanine and oxidised (LDL in SLE and leads to the generation of autoantibodies (7) . Therefore, the prevention of damage that would otherwise be caused by excessive oxidative stress is a very feasible strategy for treating SLE. In this study, supplementary GMNL-32, GMNL-89 or GMNL-263 significantly increased the antioxidant activities, including GSH and DPPH levels, in both serum and livers in NZB/W F1 mice. Significantly lower lipid oxidation such as reduced MDA level was detected in the serum and liver of NZB/W F1 mice than in those of mice that were treated with GMNL-32, GMNL-89 or GMNL-263. These findings suggest that GMNL-32, GMNL-89 and GMNL-263 reduce oxidative stress in cases of SLE. TLR are crucial for host defense and have been implicated in the pathogenesis of autoimmune diseases by the recognition of self-molecules (42) . In SLE patients, autoreactive cells are expanded and activated, and they generate autoantibodies, especially against nuclear antigens. Therefore, TLR stimulation is suggested to contribute to the aggravation of the aberrant adaptive immune response in SLE patients (43) . Various TLR molecules, including TLR-2, TLR-3, TLR-4, TLR-5, TLR-7, TLR-8 and TLR-9, were shown to be involved in the pathogenesis of SLE in both experimental mouse models and clinical samples (42) . Therefore, these TLR elicited TLR/MyD88 signalling and induced the expression of proinflammatory cytokines, such as interferon-α/β (IFN-α/β), TNF-α and IL-6 (IL-6) in SLE (44) . Liver injuries have been suggested to be important for the generation of autoimmunity in SLE (45) (46) (47) (48) . In this work, supplementary GMNL-32, GMNL-89 and GMNL-263 significantly reduced the expressions of TLR-4, TLR-5, TLR-7, TLR-9, MyD88, phosphorylated PI3K and AKT in the livers of NZB/W F1 mice. Although NZB/W F1 mice do not develop a detectable level of circulating IFN-α (49) , significantly reduced serum IL-6 and TNF-α levels were detected in NZB/W F1 mice that were treated with GMNL-32, GMNL-89 and GMNL-263. These findings support the potential involvement of GMNL-32, GMNL-89 and GMNL-263 in reducing TLR-mediated inflammation in the liver in cases of SLE, which may contribute to the amelioration of autoimmunity. Regulatory T cells (CD4+CD25+FoxP3+) play pivotal roles in suppressing inflammation and maintaining the tolerance of immunity (27) . An imbalance of regulatory T cells may lead to the generation of autoimmunity. Therefore, dysregulation of regulatory T cells in SLE has been associated with elevated oxidative stress and the irregular activation of Th1 cells (50, 51) . A lower proportion of regular T cells in NZB/W F1 mice than in non-autoimmune mice was also observed (52) . Given the critical role of CD4+CD25+FoxP3+ T cells in maintaining immune homoeostasis, the fact that many microbial species and their metabolites have the potential to induce CD4+CD25+FoxP3+ T cells is unsurprising (27) . Notably, the administration of GMNL-263 to NZB/W F1 mice significantly increases the percentage of their CD4+CD25+FoxP3+ T cells, suggesting that GMNL-263 reduces autoimmune phenomena in cases of SLE. However, the precise mechanism by which GMNL-263 induces CD4+CD25+FoxP3+ T cells in SLE requires further investigation.
Notably, only GMNL-263, but not GMNL-32 and GMNL-89, significantly induces the expression of splenic CD4+CD25+FoxP3 regulatory T cells in NZB/W F1 mice. This is probably because of their different properties. According to the analysis with API-ZYM system (API-Labs Ltd) reported by GenMont Biotech, Inc., Tainan, Taiwan, distinct patterns of enzyme production emerge in these Lactobacillus species. GMNL-32 exhibits the enzymatic activities of alkaline phosphatase, esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, α-chymotrypsin, acid phosphatase, naphthol-AS-BIphosphohydrolase, α-galactosidase, β-galactosidase, α-glucosidase, β-glucosidase and N-acetyl-β-glucosaminidase. GMNL-89 exhibits the enzymatic activities of leucine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, α-galactosidase, β-galactosidase and α-glucosidase. GMNL-263 exhibits the enzymatic activities of esterase lipase (8) , leucine arylamidase, valine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase, α-galactosidase, β-galactosidase and α-glucosidase. Moreover, biochemical tests were also performed by using API50 CH (BioMerieux) that GMNL-263-increased splenic CD4+CD25+FoxP3 regulatory T cells in NZB/W F1 mice may be because of to its different enzyme pattern and biochemical properties as compared with those of GMNL-32 and GMNL-89.
Our recent publication has reported that supplementation with GMNL-32, GMNL-89 or GMNL-263 in NZB/W F1 mice reduces the expressions of hepatic IL-1β, IL-6 and TNF-α proteins by suppressing the MAPK (extracellular signal-regulated kinases, P38 and c-Jun N-terminal kinase) and IκB kinase/ NF-κB signalling pathways (33) . Fig. 6 in this study further reveals that supplementary GMNL-32, GMNL-89 and GMNL-263 significantly increase the serum and liver levels of antioxidant enzymes such as GSH and DPPH in NZB/W F1 mice and reduce the levels of oxidative lipids such as MDA and inflammatory cytokines, such as TNF-α and IL-6. Moreover, GMNL-32, GMNL-89 and GMNL-263 significantly reduce innate-immunitybased inflammatory signalling, TLR/MyD88 signalling, in the livers of NZB/W F1 mice. Notably, supplementation with GMNL-263 significantly increases the population of splenic CD4+CD25+FoxP3 regulatory T cells in NZB/W F1 mice.
Conclusions
This study proposes that, besides the anti-oxidative stress and anti-inflammation effects of GMNL-32, GMNL-89 and GMNL-263, the induction of CD4+CD25+FoxP3+ T cells by GMNL-263 could lead to the development of a new therapeutic approach to curbing the autoimmune response in cases of SLE, providing an alternative to detrimental immunosuppressive remedies.
